A simple method to realize both stabilization and shift of the frequency in an external cavity diode laser (ECDL) is reported. Due to the Zeeman effect, the saturated absorption spectrum of Rb atoms in a magnetic field is shifted. This shift can be used to detune the frequency of the ECDL, which is locked to the saturated absorption spectrum. The frequency shift amount can be controlled by changing the magnetic field for a specific polarization state of the laser beam. The advantages of this tunable frequency lock include low laser power requirement, without additional power loss, cheapness, and so on.
Laser frequency stabilization and frequency shift are very important in the study of laser-matter interactions. For instance, in laser cooling and trapping of neutral atoms, the laser frequency must be very stable and controllable. [1, 2] The principle of laser cooling is based on the exchange of momentum between the atom and the photon. If the laser interacts with the atoms many times from one well-defined direction, then a significant force could be exerted on the atoms. [3] Therefore, the laser frequency must be controlled very accurately and stably in time. Narrowlinewidth tunable diode lasers have been widely used in this field, which has been made possible due to the development of the ECDL.
In order to stabilize the frequency of the ECDL, it is necessary to lock the laser to the peak of the naturally broadened Lorentzian feature in the hyperfine spectrum. [4] The frequencies are actively stabilized by the external cavity control and by the injection current charging the laser diode. Frequency-modulated saturation spectroscopy [5] is a standard setup to generate the error signal for frequency stabilization.
Laser spectroscopy in atomic vapor is often limited by Doppler broadening. The standard method to overcome it is to use Doppler-free saturated-absorption spectroscopy, through which one can observe the structure of hyperfine transitions. [6] The diode laser frequency is locked to either side or the peak of the narrow saturated absorption lines. [7] In laser cooling experiments, however, we need not only to stabilize, but also to shift the laser frequency, such as in the sub-Doppler cooling process. The traditional method is to use a tunable acousto-optical modulator (AOM). Unfortunately, tunable AOMs are expensive and hard to manipulate, and the diffraction angle is a function of the modulation frequency. The change of the laser propagation direction is unwanted in the experiment. To eliminate this effect, we can use a technique called double-pass AOM. [8] However, it will cause additional power loss, the best efficiency of a double-pass AOM is about 70%.
In order to overcome this drawback, we present a method using solenoid assisted saturated absorption to stabilize and shift the laser frequency in an external cavity diode laser. This technique offers greater flexibility than the AOM to shift frequency. Both red and blue detuning in frequency can be easily achieved by altering the magnetic field. By varying the current on the solenoid, the frequency detuning can be up to 100 MHz, which is enough for our laser cooling experiment.
The frequency of an ECDL with grating feedback depends on the current, temperature, and the position of the external diffraction grating. The short term stability can be guaranteed by the diffraction grating. The constant-current source ensures the stability of the current. Drifts in temperature produce fluctuations in the cavity length and therefore affect the frequency stability of the laser. In order to achieve laser cooling, the laser frequency should be stabilized to 1 MHz or better. The temperature drift of the ECDL needs to be controlled within the order of 1 mK. The temperature of the entire system is controlled by a Peltier element. Meanwhile, we can finely tune the laser central frequency by applying a high voltage to a piezoelectric transducer (PZT), which is placed at the rear side of the diffraction grating. [9] We can further reduce the central frequency drift by stabilizing the laser to an external reference. imental setup. The frequency stabilization is based on the traditional saturated absorption principle. A solenoid is added around the Rb vapor cell to shift the frequency, which can be realized easily by varying the magnetic field. In this setup, an optical isolator (OI) is used to make sure that no light reflects back into the laser diode and disturbs the laser spectrum.
Only a small fraction of the laser power is used for the absorption spectroscopy and the stabilization of the laser frequency. The reflections of the laser beam from a thick glass plate produce two probe beams. After reflection by two mirrors, the transmitted light is used as the pump beam. Two quarter-wave plates are used to make the pump and probe beams be of right-handed circular polarization − . Using the Zeeman effect to lock an ECDL was first demonstrated in Ref. [10] and then developed at 780 nm for Rb, [11, 12] and 852 nm for Cesium. [13] In Ref. [11] , a linearly polarized light was used, which consisted of two opposite circular polarizations to drive different Zeeman transitions respectively. Due to the broad shallow locking slope and the asymmetry of the Doppler broadened transitions, intensity fluctuations in the laser light are translated into frequency fluctuations. In Ref. [12] , both the probe and pump beams are linearly polarized. With increasing magnetic field, the Zeeman splitting becomes larger, and valleys appear beside the saturated absorption peak transitions, which will influence the locking stabilization.
In order to overcome this drawback, we use two circularly polarized lights for both pump and probe beams in our experiment. As mentioned above, an error signal is essential to lock the laser frequency. First, a good hyperfine spectrum is required, which is used as the reference signal of the lock-in regulator (LIR). It is sent to the lock-in amplifier (i.e. a phase sensitive detector) which transforms this modulated signal into a derivative signal, so that the peak of each transition will become zero as required. The hyperfine structure has six peaks, three of which are the transitions 5 2 1/2 = 2 → 5 2 3/2 ′ = 1, 2, 3 and the other three are the cross-over resonances. After adjusting the low-pass filter, modulation frequency and phase control of the lock-in amplifier, an error signal is achieved. Then it is sent to a proportional-integralderivative controller (PID), the laser frequency can be locked to the peak of the spectrum. In the presence of a magnetic field, the central absorption frequency of a Doppler broadened lineshape shifts because of the Zeeman effect. Thus we can vary the transition frequency of atoms by altering the magnetic field. Then we can shift the frequency by varying the current on the solenoid. Due to the Zeeman effect, the interaction between the magnetic moment of the atom and the external magnetic field leads to a splitting of the resonance lines of the absorption profile in the spectrum, as shown in Fig. 2 . The Zeeman shift can be expressed as the Breit-Rabi formula, which in a weak field can be expressed approximately as [14] 
where is the magnetic field of the solenoid, is the so-called Landé factor for the total angular momentum , is the Bohr magneton, is the magnetic quantum number. In the laser cooling experiments, the atomic transitions 5
87 Rb are concentrated. The Landé factors of these energy levels are respectively = 1/2, = 2/3. In our experiment, the probe and pump lasers are both − . When the Rb atoms in the vapor cell are illuminated by − polarized light, the atoms will be excited from sub-level of the ground state = 2 to sublevel − 1 of the excited state ′ = 3, as shown in Fig. 2 . Therefore, we can exactly know the frequency shift of the two sub-level transitions,
where the unit of the magnetic field is Gauss. The solenoid assembled on the Rb cell can produce a uniform magnetic field along the propagating direction of the laser beam, the axial magnetic field is given 063201-2 by [15] = ,
where is a parameter determined by the geometry of the solenoid, is the current delivered to the coil, and is the number of turns. From Eqs. (2) and (3), we obtain ∆ = −1.4 MHz.
This equation shows that the frequency shift is proportional to the current of the solenoid. The experimental frequency shift as a function of the current in the solenoid is shown in Fig. 3 . A frequency shift of up to 100 MHz can be achieved under a driving current of 3 A to the solenoid. This frequency shift fulfils the requirements in our laser cooling experiments. The frequency shift with respect to the current of the solenoid can be fitted by the equation ∆ = 35.47 − 1.74 MHz.
(5) Comparing Eq. (5) with Eq. (4), the linearity fits very well, but there is a residual frequency shift of −1.74 MHz when the current equals zero. This is caused by the residual magnetic field including the Earth's magnetic field. Figure 4 shows the varieties of the saturated absorption spectroscopy under different magnetic fields. The absorption spectrum of 5
3/2 ′ = 3 first increases and then decreases when the magnetic field increases (for details see Ref. [12] ). However, the lineshape is well maintained, which can be the reference signal to stabilize the laser frequency.
When the frequency shifted saturated absorption signal is obtained, we can lock the laser frequency at the peak by using an LIR to obtain the error signal. As shown in Eq. (5), the required frequency detuning can be easily achieved by adjusting the current of the solenoid. This technique offers greater flexibility than the AOM to shift the frequency, and both red and blue detuning in frequency can be achieved.
In conclusion, we have demonstrated a technique for stabilizing an ECDL with central wavelength at 780 nm by using the Doppler-free saturated absorption, together with a solenoid to shift the frequency. This technique is based on the Zeeman effect in a Rb vapor cell, which can optionally vary the laser frequency by adjusting the current in the solenoid. Sending the absorption signals to an LIR circuit, the locked frequency can be shifted up to 100 MHz. In comparison with the traditional frequency shift using a tunable AOM, this system is more compact and inexpensive, without additional loss of laser power and optical path varying. This technique has wide applications in laser cooling experiments.
